The influence of reaction temperature and time on the hydrothermal dissolution-precipitation synthesis of hydrotalcite was investigated. Untreated MgO, Al(OH) 3 and NaHCO 3 were used. An industrially beneficial, economically favourable, environmentally friendly, zero effluent synthesis procedure was devised based on green chemistry principles, in which the salt-rich effluent typically produced was eliminated by regenerating the sodium bicarbonate in a full recycle process. It was found that the formation of hydromagnesite dominates at low temperatures independent of reaction time. With an increase in reaction time and temperature, hydromagnesite decomposes to form magnesite. At low temperatures, the formation of hydrotalcite is limited by the solubility of the Al(OH) 3 . To achieve a hydrotalcite yield of 96%, a reaction temperature of 160°C for 5 h is required. A yield higher than 99% was achieved at 180°C and 5 h reaction time, producing an layered double hydroxide with high crystallinity and homogeneity.
Introduction
Layered double hydroxides (LDHs) are layered anionic clays with the general formula x/q · nH 2 O] representing the composition of the anionic interlayer (1, 1021) . Hydrotalcite is a naturally occurring LDH form with the formula Mg 6 Al 2 (OH) 16 CO 3 ·4H 2 O (2). In its synthetic form, hydrotalcite can exist in Mg:Al ratios ranging from 1:1 to 3:1 (1, 1024) . Hydrotalcite has a wide range of applications which include the use as polymer stabilizers, flameretardants for polymers and anion scavengers (3; 4; 5; 6) as well as a wide range of environmental applications which are comprehensively discussed in the Handbook of Clay Science (7) and include applications as basic catalysts and water purification agents.
Various synthesis methods for hydrotalcite have been developed, the most widely used being co-precipitation, urea hydrolysis and sol-gel (8) . Although these methods can yield high-quality material, they also present major drawbacks:
. Hydrotalcite produced by these synthesis methods usually requires post-synthesis treatment such as hydrothermal aging to increase the crystallinity (9); . Metals salts used for the synthesis are expensive;
. Metal salts used as reactants in these methods invariably result in the production of salt-rich effluent streams that are harmful to the environment; and . Expensive effluent treatment prior to disposal is required.
In order to eliminate some of these drawbacks, alternative synthesis methods have been developed -one of which is a hydrothermal synthesis route which offers an alternative to existing synthesis methods (7) . In the hydrothermal synthesis route, metal oxides/hydroxides are used as reactants and a dissolution-precipitation mechanism is typically employed to form the LDH phase (10) . Hydrothermal synthesis offers a greener production approach by eliminating the additional processes required to treat harsh salt-containing effluent produced during co-precipitation and urea hydrolysis. The hydrothermal synthesis route does, however, present one major drawback: the metal oxides/hydroxides required have a very low solubility. This necessitates the establishment of the correct synthesis conditions for the formation of LDH at the desired quality.
Dyer et al. (11) discussed the parameters that influence the solubility (and therefore the dissolution/precipitation reactions) of metal oxides/hydroxides/carbonates; these include: particle size, crystallinity, reaction temperature, pH and time. Castet et al. (12) indicated that the hydrolysis of boehmite (AlO(OH)) is favored with an increase in temperature. A possible shift of boehmite solubility with an increase in temperature and pH was observed. These results were confirmed by Bénézeth et al. (13) . Therefore, it can be concluded that an alkaline aqueous environment would favor the solubility of some metal species such as Al(OH) 3 at higher temperatures which in turn is favorable for LDH formation. A pH above 10 is preferable for the precipitation of MgAl-CO 3 LDH (8) .
In previous investigations concerning the hydrothermal synthesis of hydrotalcite, great care was taken to enhance the reactivity of reactants prior to synthesis. In general, the pre-treatment entailed calcination of magnesium-and aluminum salts to produce a fine-powdered oxide mixture (14) . Xu and Lu (10) investigated the formation mechanism of hydrotalcite. They stated that magnesium nitrate and aluminum hydroxide should be calcined to produce magnesium oxide and alumina (Al 2 O 3 ) with a high surface area to yield highly reactive reactants. These were then reacted hydrothermally for long periods (5-10 days) at temperatures near boiling. Hydrotalcite with slight brucite contamination was formed.
Mitchell et al. (15) investigated the production of specific poly-types of hydrotalcite with hydroxide anions in the interlayer. Budhysutanto et al. (9) used reactant grade magnesium oxide and partially amorphous transition alumina prepared by flash calcination of gibbsite in hydrothermal synthesis between 100°C and 240°C for up to 1 h, reaching high conversions after approximately 30 min with slight brucite impurities. They found that other pre-treatment methods include blending, ultrasonic treatment and wet grinding to increase surface area and subsequently enhance reactivity. These pre-treatmentsespecially calcination -are generally energy intensive due to the high temperatures required (9) .
It is evident that most synthesis techniques are costand time intensive, require extensive pre-or post-treatment and produce undesirable effluent streams. The objective of this study, therefore, was to find an environmentally friendly synthesis route capable of producing a high-quality hydrotalcite without the use of expensive reactants. To improve the economic viability and comply with green synthesis principles, processing steps, such as pre-treatment of reactants and product post-treatment, should be eliminated. In addition, the production of treatment-intensive effluent streams should be avoided. Finally, the optimum reaction conditions using this environmentally friendly synthesis route should be found.
Experimental

Materials
Chemically pure (CP) grade reactants were used throughout. Magnesium oxide light 96% (CAS nr. 1309-48-4), aluminum hydroxide 99% (CAS nr. 21645-51-2) and sodium hydrogen carbonate 99% (CAS nr. 144-55-8) were all obtained from Merck KGaA -South Africa. Alcamizer 1 used for comparative purposes was obtained from Kisuma Chemicals.
Synthesis
A laboratory scale version of the green synthesis route by Labuschagné et al. (16; 17) was followed to produce hydrotalcite samples with a Mg:Al molar ratio of 2:1. This method is based on hydrothermal dissolution-precipitation. The procedure was designed to comply with green-synthesis principles as discussed in the introduction. A schematic of the devised synthesis procedure is shown in Figure 1 .
All reactants were used without pre-treatment. The untreated metal oxide/hydroxide solution for each experiment was prepared by stoichiometrically weighing off the required chemicals according to Equation (2) and adding them to separate beakers containing distilled water under constant stirring. A 20%wt total solids loading was used.
The mixture was stirred for 5 min before addition to a 450 ml Series 4560 Parr autoclave reactor fitted with a pressure gauge and a fixed tungsten-iron thermocouple. Temperature was controlled with a Parr 4843 controller. The samples were reacted at temperatures ranging between 120°C and 180°C for 1-5 h. After each run, the reactor was allowed to cool down by natural convection and was drained as soon as the temperature reached 50°C. Each sample was washed with distilled water until a filtrate pH of 8 was reached. The filter cake was dried in a convection oven at 70°C for 8 h. All filtrate was collected. The sodium bicarbonate (NaHCO 3 ) was regenerated by bubbling CO 2 through the sodium carbonate (Na 2 CO 3 ) filtrate solution from a previous run -thus eliminating the need for expensive salt effluent treatment and only needing small amounts of sodium carbonate as part of a make-up stream if required.
Possible side reactions of magnesium were investigated by reacting magnesium oxide and the carbonate source according to Equation (2) in the absence of aluminum hydroxide over a temperature range of 120-180°C for the upper time limit of 5 h.
Characterization
Wide angle X-ray scattering (WAXS) measurements were performed with the X'pert-Pro diffractometer system from PANalytical with a continuous scanning using a step size of 0.001°between the ranges 5.01°and 89.99°2
θ. Co-Kα radiation was generated with a wavelength of 0.1789 nm at 50 mA and 35 kV by a diffractometer. The irradiated length was kept at 15 mm with a specimen length of 10 mm. The distance focus-diverge slit was kept at 100 mm and the measuring time was kept at Dt = 14.52 s for each point. A SPECTRO ARCOS model Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) was used for the determination of the LDH aluminum and magnesium ratio. For analysis, 1 g of each LDH sample was dissolved in 20 ml of 37% hydrochloric acid solution and diluted with distilled water in a 1:10 ratio. A multi-element standard ICP grade from Merck was used for comparison. The analysis was performed using argon gas plasma. ICP analysis was done in triplicate.
Scanning electron microscopy (SEM) was used to confirm the morphological characteristics expected for the hydrotalcite phase. The samples were coated with graphite (three coats) using a Polaron h/v coater. The coated samples were then analysed using Ultrahigh Resolution Field Emission SEM (JEOL 6000F) at 3 kV. A Gatan Digital Micrograph imaging system was used.
Thermogravimetric analysis (TGA) was used to confirm the expected two-step decomposition of hydrotalcite. A Mettler Toledo A851 simultaneous TGA/DTA setup was used for differential thermal analysis and TGA. A small amount of the powder sample (ca. 10 mg) was placed in an open 70 μl alumina pan and heated from 25°C to 1000°C at a rate of 25°C/min in air flow (50 ml min 
Results and discussions
It is believed that the formation of hydrotalcite via the reaction of insoluble or low solubility metal oxides, hydroxides or carbonates occurs through a dissociation-deposition-diffusion mechanism (10) . In order to commence the reaction, the metal oxides/ hydroxides must dissolve to at least to some extent. Magnesium oxide loaded into the reactor must dissolve and react with water to precipitate as brucite (magnesium hydroxide) which is the base layer of the LDH material. Aluminum hydroxide must dissolve to make aluminum ions available for isomorphic replacement of some of the magnesium ions in the brucite layers to form the positively charged layers required as part of the desired hydrotalcite structure. The anion intercalated into the structure balances the positively charged layers and causes hydrotalcite to precipitate; crystal water is trapped in the interlayer during this process (10) . If hydrotalcite is the least soluble species at the system temperature and pressure, it precipitates and removes the relevant ions from solution, causing more metal ions from metal oxides/hydroxides fed to the reaction to dissolve following Le Chatelier's Principle.
Of course, given the right conditions, other species can also form. For example, according to HartmannPetersen et al. (18) , magnesite (MgCO 3 ) is a highly stable carbonate form of magnesium that is produced by bubbling CO 2 through a magnesium hydroxide slurry; the precipitation occurs relatively rapidly.
Furthermore, when an excess of CO 2 is bubbled through a magnesite solution, carbonic acid is formed causing the solution to become more acidic. This aids in the solubility of the magnesite and forms hydrated magnesium carbonates (such as hydromagnesite 4MgCO 3 ·Mg(OH) 2 ·2(H 2 O)), a more soluble form of magnesium (19) . The formation of hydrated magnesium carbonates generally occurs at low temperatures in an excess carbonate environment and is referred to as "the magnesite problem" (20) .
Although no CO 2 was bubbled through the reaction mixture per se, CO 2 released from the aqueous bicarbonate environment as a result of temperature, pressure and pH decomposition of carbonic acid would have led to the formation of hydromagnesite as observable in Figures 2  and 3 . These figures show experimental results for the experiments conducted. All reflections on the XRD patterns were identified. Quantitative results based on Rietveld refinement for all the experiments conducted are shown in Table 1 . The experimental results will now be discussed further.
Reactions without an aluminum source
As previously mentioned, the purpose of these experiments (results shown in Figure 2 ) was to observe the formation of side products at the reaction conditions tested.
Formation of Al-based products
The formation of hydrotalcite was observed at 180°C, as can be seen from Figure 2 , and is indicated in bold in Table 1 . This is impossible as no aluminum source was added to the reactor intentionally. Unintended contamination must, therefore, have occurred.
Formation of Mg-based complexes
Trace amounts of MgO (less than 1%) were detected in the samples prepared at temperatures greater or equal to 140°C. Typically, it is expected that all caustic MgO added to the reactor reacts with water to form Mg (OH) 2 at all reaction temperatures. The results were, therefore, surprising and it was concluded that a possible explanation for this observation could be the presence of a highly crystalline and unreactive form of MgO impurity in the feed material. Nevertheless, the XRD and Rietveld refinement data confirmed the presence of large quantities of brucite in all the samples besides this MgO impurity.
Due to the known "magnesite problem,' it was also of interest which reaction path is followed when adding a NaHCO 3 to the mixture and in which form the magnesium precipitates at a given temperature: magnesite or hydromagnesite. Magnesite, which is a frequently found precipitate when adding carbonate to a solution of brucite and water, was not detected for the synthesis performed at 120°C; hydromagnesite was found. When using intermediate reaction conditions -a temperature of 140°C and 5 h reaction time -both hydromagnesite and magnesite were formed. When increasing the reaction temperature further to 160°C and 180°C, no hydromagnesite was detected but magnesite was found.
As described in the literature (20) , it is evident from Figure 2 and Table 1 that the formation of magnesite is favored at higher temperatures, while hydromagnesite formation is favored at lower temperatures. Their formation was found not to be completely driven by the carbonate concentration.
Reactions with an aluminum source
The discussion will now refocus on the formation of the LDH phase when adding an aluminum source to the reaction.
Products formed at 120°C
When looking at the experimental series conducted at 120°C (Figure 3 ) several things can be observed. Firstly, a large reflection situated at a 2θ value of 21°which corresponds to the primary reflection of crystalline, unreacted gibbsite left in the samples, can be noted, indicating an incomplete reaction. However, although the reaction was incomplete, the desired MgAl-CO 3 LDH phase (primary reflection at 13°2θ) was formed in every experiment. From Table 1 and Figure 3 it is also observable that an increase in the formation of this phase occurred with an increase in reaction time. However, the LDH secondary reflection which normally occurs around a 2θ angle of 27°is barely noticeable, indicating a low yield and/or low crystallinity LDH. The formation of the investigated hydromagnesite phase was visible in all reactions at 120°C as expected (21) (primary reflection around 18°2θ, secondary reflection around 16°2θ). Figure 3 shows several interesting correlations between reactant depletion and product formation; confirmations of which were found through Rietveld refinement (results shown in Table 1 ). A gradual decrease in gibbsite can be seen with an increase in reaction time coupled with an increase in LDH yield. This indicates that the reaction times were not long enough (at the low reaction temperature of 120°C) to solubilize the aluminum hydroxide. For all reaction times at this reaction temperature, around 50 %wt of the products were hydromagnesite, indicating that the magnesium oxide dissolved completely, reacted with water and the carbonate species to form a magnesium basic carbonate. Due to its extreme low solubility, gibbsite is the limiting reactant for the formation of the LDH and therefore its dissolution the rate limiting step.
Products formed at 140°C
A significant difference was noted when comparing the XRD and Rietveld quantitative results of 140°C with those obtained for 120°C. The primary LDH reflection at the 2θ position of 13°showed a clear increase in reflection intensity as the reaction time was increased. Confirmation of an increase in the amount of the LDH phase and not only an increase in the sample crystallinity was obtained through Rietveld refinement. An LDH yield of 79.52% after just 1 h and 91.49% after 5 h could be obtained. The significant decrease in the gibbsite reflection is also evident. The presence of gibbsite decreased from 15.38% after 1 h to 7.34% after 5 h at 140°C, indicating that an increased reaction time is needed for an increased gibbsite solubility. The XRD patterns show no presence of hydromagnesite for any of the reaction times used. However, the presence of magnesite with a primary reflection at 38°2 θ was detected. The reason for this being unclear when considering the results obtained investigating the side reactions of magnesium oxide with a carbonate source and without an aluminum source. This observation was, however, believed to be made due to the low concentration of magnesium ions in solution, favoring the formation of a low magnesium to carbonate ratio compound (compared to the high magnesium to carbonate ratio hydromagnesite formed at 120°C).
Products formed at 160°C and 180°C
For the experimental series at 160°C and 180°C, it can easily be observed from Figure 3 that all characteristic reflections of LDH (including those at a 2θ positions 41°, 46°and 55°) are well defined with high intensity and small broadening at the base, indicating the formation of a product with good crystallinity for all reaction times. Some unreacted gibbsite was found to still be present, evident from the reflection at 21°2θ, but the amount decreased with reaction time. From the Rietveld analysis, LDH formation was found to be the dominant reaction (compared to magnesite and hydromagnesite at the lower reaction temperatures). The amount of gibbsite in the sample decreased and remained fairly constant between 3% and 4% up until 180°C and 5 h reaction time. The XRD patterns for 180°C indicate that after 5 h, unreacted gibbsite dissolved completely and re-precipitated as boehmite (another crystal form of aluminum hydroxide) with the primary reflection at 17°2θ. Furthermore, all magnesium was converted to LDH and no hydromagnesite or magnesite was found at any reaction time for the reactions occurring at 180°C.
The results were confirmed by quantitative data from Rietveld refinement, showing an LDH yield of >96%wt. at 1 h and >99%wt. (with the balance being unreacted aluminum hydroxide) at 5 h. It is also believed that aging and an increase in crystallinity occur at high temperatures during the final hour of the reaction where the small LDH crystals dissolve and re-precipitate to form a much more crystalline product through the process of Ostwald ripening (22).
Summative discussion
No magnesium hydroxide, magnesium oxide or magnesite was detected for the synthesis carried out at 120°C. The XRD and Rietveld refinement data confirmed the presence of large quantities of hydromagnesite, which is a metastable hydrated magnesium carbonate mineral (23) . As the reaction time was increased, the decrease in the hydromagnesite reflections and concentration could be seen with the corresponding increase in the primary and secondary LDH reflections and concentration. During the synthesis at 140°C, large quantities of magnesite were formed, while no magnesium hydroxide or magnesium oxide was detected. As with the reaction at 120°C, the LDH primary reflection and concentration increased with the reduction in the amount of the magnesium carbonate based material. Most noticeable was the increase in the amount of LDH formed with an increase in gibbsite solubility (and decreased Al(OH) 3 found in the product). Reactions at high temperatures were, therefore, found to favor the formation of the LDH phase due to larger amounts of brucite reacting with more aluminum in solution. This effect was ascribed to an increasing solubility of gibbsite with increasing temperature. Furthermore, the presence of the magnesium carbonate compounds had no part in the reaction; they were formed as sink for the carbonate in solution since little LDH can form due to the low gibbsite solubility at low temperatures. Finally, the formation of magnesite is favored at higher temperatures and hydromagnesite at lower temperatures (20). Figure 4 is a visual representation of the difference in the Mg:Al ratio as a function of temperature and time, as determined by the ICP analysis. The reactants were added to form synthetic hydrotalcite with an intended divalent to trivalent metal ratio of 2:1. Successful formation of the desired product could be observed for the samples produced at 180°C with a metal ratio very close to 2:1. At 120°C and for reaction times above 5 h, a drop in metal ratio could be observed corresponding to the formation of hydromagnesite which increased the solubility of the Mg, thereby indicating that some of the Mg could have been washed out during filtration as soluble ions.
Mg:Al ratio of precipitated MgAl-CO 3 LDHs
For all the other samples, the Mg:Al ratio remained just below or above a value of 2:1, which indicates that very little (if any) of the metal ions were dissolved and lost as ions during the reactions. The lowest Mg:Al ratio of 1.76:1 was observed at a reaction time of 1 h and 160°C. This is unexpected and can indicate the loss of some of the magnesium ions due to the conversion of other soluble magnesium species to hydrotalcite. The exact mechanism behind this is not yet fully understood and is being investigated.
Environmental considerations
The proposed synthesis procedure could successfully be used to produce high-quality hydrotalcite while reducing the environmental impact of the synthesis and minimizing production costs; the main advantage being the possibility to run the synthesis as a zero effluent process as previously shown in Figure 1 . The effluent stream (filtrate) containing sodium carbonate formed during the reaction was recycled and regenerated through carbonation; thereby converting the sodium carbonate back to sodium bicarbonate that can be reused as the carbonate source for a following batch. The advantages of running the synthesis in this zero effluent manner are a reduced water usage, no salt by-product being formed, and lower reactant costs as a result of the recycle system and metal oxides/hydroxides used. Furthermore, pre-and post-treatments were eliminated (in comparison to (9; 10; 14; 15) ) and reaction times shortened (10) . Overall the green synthesis route was found to drastically simplify hydrotalcite formation and increase the process economics.
Product quality
XRD, SEM and TGA analysis confirmed the successful formation of hydrotalcite of exceptional quality using the devised green, zero effluent synthesis method at the identified optimum reaction conditions of 180°C and 5 h. The XRD patterns obtained for the synthesised material have been discussed in length and are shown in Figure 3 . Figure 5 clearly indicates the typical two-step decomposition expected for an LDH phase. Furthermore, Figure 6 indicates the typical expected hexagonal platelet structure. Morphological homogeneity of the sample could be observed. Hence, it could be concluded that the material formed is hydrotalcite. High crystallinity, large platelet size and morphological homogeneity furthermore indicate the formation of a good quality product. For further proof of hydrotalcite quality using the green synthesis method devised in this paper, a comparison was drawn to Alcamizer 1 (an industrially produced product). It is clearly visible in Figure 7 that the product produced is of higher crystallinity and similar platelet size and homogeneity.
Conclusions
A very pure form of MgAl-CO 3 LDH (>99% purity) could be synthesized using a green synthesis method: hydrothermal dissolution-precipitation. The main advantages of the utilized green synthesis method are that it requires only inexpensive, run-of-mine metal oxides / hydroxides and excludes the production of harsh salt containing effluent when run as a zero effluent process by recycling and carbonating the filtrate stream. Furthermore, the reactants do not have to be treated prior to synthesis (calcined) which lowers the total energy requirements of synthesis. All these factors contribute to the system being a more environmentally friendly and greener synthesis method. It was found, that the formation of hydromagnesite is the dominant reaction at low temperatures. With an increase in reaction time and temperature, hydromagnesite decomposes and forms magnesite. At low temperatures the formation of MgAl-CO 3 LDH is limited by the solubility of gibbsite. A MgAl-CO 3 LDH yield of 80% was obtained at 140°C after 5 h with low crystallinity. To achieve an MgAl-CO 3 LDH conversion greater than 96%, a reaction temperature of 160°C for a minimum of 5 h reaction time is required; this is also achieved within 1 h at 180°C. A 99.37% conversion was achieved at reaction at 180°C for 5 h yielding an MgAl-CO 3 LDH of very high crystallinity and homogeneity.
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